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Edited by Daniela RuﬀellAbstract Actin-related proteins (Arps) have been reported to be
localized in the cell nucleus, and implicated in the regulation of
chromatin and nuclear structure, as well as being involved in
cytoplasmic functions. We demonstrate here that mouse ArpM1,
which closely resembles the conventional actin, is expressed
exclusively in the testis, particularly in haploid germ cells.
ArpM1 protein ﬁrst appears in the round spermatid and changes
its localization dynamically in the nucleus during spermiogenesis.
By co-immunoprecipitation analysis, proﬁlin III was identiﬁed as
ArpM1-interacting protein. Our ﬁndings suggest that the testis-
speciﬁc proﬁlin III–ArpM1 complex may be involved in confor-
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The sperm nucleus is unique in its morphology and structure
among all cell types. The nucleus is formed during spermiogen-
esis, the ﬁnal stage of spermatogenesis and the process of matu-
ration from haploid spermatid to mature motile sperm. During
this period, the replacement of somatic histones by a class of
arginine- and cysteine-rich proteins, the protamines, epigenetic
modiﬁcation of DNA, and compositional change of the nuclear
lamina by germ line-speciﬁc lamins take place in the spermatid
nucleus [1–3]. In addition to these molecular-level changes, the
nuclear shape of spermatids is also dynamically altered. In
mouse spermiogenesis, the round-shaped nucleus is elongated
and becomes falciform. It is considered that these sperm-speciﬁc
nuclear structures and shape contribute to the generation of a
more hydrodynamic sperm head that is able to speed transit
through the female reproductive tract and protect the genetic
material from physical and chemical damages [1].
Actin is a cytoskeletal element and is known to be important
for a wide range of cellular functions, such as cell division,
motility, polarization, and cell–cell contact. Moreover, recent
studies have suggested that actin is present in the nucleus and
has roles in various nuclear activities such as transcriptional
regulation, mRNA export, and chromatin remodeling [4,5]. Ac-
tin-related proteins (Arps), which have modest sequence simi-
larity to conventional actin and are conserved from yeast to
human, are also present in most eukaryotic nuclei. Arps can
be classiﬁed into at least 10 subfamilies according to their se-
quence similarities, and their subcellular localization and func-
tions are divergent among the family members [5,6]. Arps 1–3
have been reported to be localized in cytoplasm and regulate
cytoskeletal dynamics; in contrast, Arps 4–9 have been thought
to be localized mainly in the nucleus, and be incorporated into
chromatin remodeling and histone modiﬁcation complexesblished by Elsevier B.V. All rights reserved.
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fect other activities such as nuclear size control and mitotic
chromosome behavior [7,8]. Therefore, nuclear actin and Arps
may be important in regulating nuclear structures and shape.
Althoughmost Arps are expressed ubiquitously, recent studies
have shown that certain Arps, such as Actl7b (T-actin 2) [9] and
ArpT1 [10], are expressed speciﬁcally in the testis. Actl7b seems
to be localized in the spermatid nucleus in the mouse [9] and
ArpT1 was reported to be present in the perinuclear theca, a per-
inuclear cytoskeletal component of the sperm head in the bull
[9,10]. However, the detailed localization in developing sperma-
tids and putative functions of these Arps are unknown. Here,
we identiﬁed a novelmember of theArp family, themouse homo-
log of human actin-related proteinM1 (ArpM1) [11], localized in
the spermatid nucleus. Interestingly, unlike in humans, mouse
ArpM1 was predicted to be expressed speciﬁcally in the testis.
In this study, we analyzed the subcellular localization andmolec-
ular counterparts of mouse ArpM1, and discuss the possibility
that ArpM1 might regulate sperm-speciﬁc nuclear structures.2. Materials and methods
2.1. Preparation of protein extracts
Crude protein extracts of mouse tissues were prepared as described
previously [12]. To separate cytoplasmic and nuclear proteins, mouse
testes were homogenized in 10 mM HEPES/KOH (pH 7.4), containing
0.15 M NaCl, 1 mM EDTA, 0.25 M sucrose, 0.5 mM phenyl-
methanesulfonyl ﬂuoride, pepstatin A (1 lg/ml), leupeptin (1 lg/ml),
and aprotinin (75 U/ml) with a Teﬂon–glass homogenizer at 750 rpm
(six strokes). The homogenate (whole testis extract) was centrifuged
at 15000 · g for 20 min, and the resulting supernatant was used as a
cytoplasmic fraction. The precipitate was resuspended in the buﬀer de-
scribed above, overlaid onto the same buﬀer containing 0.5 M sucrose,
and centrifuged at 2500 · g for 10 min. These procedures were re-
peated three times, and the resulting pellet was boiled in SDS sample
buﬀer, and used as a nuclear fraction. Protein concentration was deter-
mined using a Coomassie protein assay reagent (Pierce, Rockford, IL).
2.2. Immunohistochemical analysis
ICR testes were immersed twice in 12% sucrose/phosphate-buﬀered
saline (PBS) and once in 15% sucrose/PBS for 4 h at 4 C. For detec-
tion of sp56, EGFP, b-actin, and proﬁlin III, the testes were ﬁrst im-
mersed in 4% paraformaldehyde (PFA)/PBS for 4 h at 4 C before
immersion in the sucrose solutions. These immersed testes were
snap-frozen and embedded in a TissueTek OCT compound (Sakura
Finetechnical, Tokyo, Japan). Sections (8–12 lm) were prepared using
a cryostat (Leica CM3000, Nussloch, Germany), and mounted on sil-
anized glass slides. The samples, which were not ﬁxed before section-
ing, were ﬁxed using 4% PFA/PBS for 30 min on ice. The sectioned
samples were permeabilized with 1% Triton X-100/PBS for 15 min at
room temperature (RT). For b-actin and proﬁlin III detection, the sec-
tioned samples were heated in 0.01 M sodium citrate solution (pH 6.0)
in a microwave for 60 s instead of using the ﬁxation and permeabiliza-
tion procedures. The samples were blocked with blocking solution
(PBS containing 3% normal goat serum and 0.05% Tween-20) for
1 h at RT, incubated with primary antibodies (detail for antibody
informations in supplementary data) diluted in the blocking solution,
and then reacted with Alexa Fluor 488 or 568 labeled secondary anti-
bodies (Invitrogen, Carlsbad, CA). After washing, the samples were
counterstained with 4 0,6-diamidino-2-phenylindole dihydrochloride
(DAPI), mounted, and observed under an inverted ﬂuorescence micro-
scope (IX-71, Olympus, Tokyo, Japan) and an confocal laser scanning
microscope (LSM5live, Zeiss, Germany).
2.3. Immunoprecipitation
Nuclear fraction from mouse testes were dialyzed against 20 mM
HEPES/KOH, pH 7.0, containing 150 mM NaCl and 2 mM EDTA.
After the addition of Triton X-100 (ﬁnal concentration 1%) to thedialyzed protein solutions, the solutions containing 0.5 mg total proteins
were incubatedwith 1.5 lg antibodies for 3 h at 4 C, and then proteinA-
agarose beads (Pierce) were added to the solutions. After incubation for
3 h at 4 C, the beads were centrifuged, washed ﬁve times with the buﬀer
described above, and then subjected to SDS–PAGE. The proteins on the
gel were stained using a silver stain MS kit (Wako, Osaka, Japan).
Methods for Northern blot analysis, Western blot analysis, and glu-
tathione S-transferase (GST) pull-down assay were performed as pre-
viously described [12,13]. Details for antibodies used in this study,
mass spectrometry analysis and protein identiﬁcation are given in the
supplementary information.3. Results
A cDNA sequence of mouse ArpM1 was obtained from the
GenBank database (accession no. NM_029690). The deduced
amino acid sequences of ArpM1 showed 46% identity with
the mouse conventional actin (b-actin). The phylogenetic tree
of the Arp family indicated that the sequence of ArpM1 was
relatively similar to that of conventional actin among the
Arp family (Fig. 1A). In addition, ArpM1 contained three
highly conserved amino acid sequences in the actin and Arps,
the so-called actin signature (PROSITE accession no.
PDOC00340) (Fig. 1B). The three-dimensional structure of
ArpM1 was deduced using the SWISS-Model program
(http://swissmodel.expasy.org//SWISS-MODEL.html), visual-
ized using RasWin Molecular Graphics (http://www.openra-
smol.org/), and compared with that of b-actin (Fig. 1C). The
basal core structure of ArpM1 consisted of four quasi-subdo-
mains as well as b-actin, and no signiﬁcant diﬀerences in struc-
tures were observed. These data indicated that ArpM1 is
highly similar to conventional actin at the structural level.
To analyze expression of ArpM1 in mouse tissues, northern
blot analysis was performed (Fig. 2A). ArpM1 mRNA (3.2 kb)
was present only in the testis. Western blot analysis of tissue
extracts revealed that ArpM1 protein (41 kDa) was abun-
dantly present in the testis and sperm (Fig. 2B). In developing
testis, the mRNA was ﬁrst detectable in 28-day-old mice, and
the expression level increased thereafter (Fig. 2C). Moreover,
immunohistochemical analysis of testis sections indicated that
the ArpM1 signal was detected from stage V–VI to stage VII–
VIII seminiferous tubules, and localized only in spermatids,
but not in Sertoli cells or Leydig cells (Fig. 2D). Thus, these
data suggest that mouse ArpM1 is expressed exclusively in tes-
tis, and the localization is speciﬁc for haploid germ cells.
Testis extracts were separated into cytoplasmic and nuclear
fractions and subjected to Western blot analysis (Fig. 3A).
Although b-actin was found only in the cytoplasmic fraction,
ArpM1 was present in both the cytoplasm and the nucleus.
To ascertain the nuclear localization of ArpM1 in spermatids,
immunohistochemical analysis was performed (Fig. 3B). The
signals of ArpM1 were ﬁrst detected in late spermatids and
their intensities became higher in later stages of spermiogene-
sis. In late round spermatids and early elongating spermatids,
ArpM1 showed polarized localization at the apical pole of the
nucleus (Fig. 3B-a, b). In elongated spermatids, ArpM1 was
distributed in the anterior region of the nucleus (Fig. 3B-c).
In testicular sperm, ArpM1 was located on the posterior side
of the sperm head, a region probably corresponding to the per-
inuclear theca (Fig. 3B-d). Three-dimensional analysis using
confocal laser scanning microscopy demonstrated that ArpM1
exists on the rim of the nucleus in round spermatids and is dis-
tributed inside the nucleus in elongated spermatids (Fig. 3C).
Fig. 1. Structural similarity of ArpM1 with other actin family proteins. (A) Unrooted phylogenetic tree of actin family proteins. The tree was
constructed with ClustalW software (http://clustalw.ddbj.nig.ac.jp/) and visualized using TreeView software (http://taxonomy.zoology.gla.ac.uk/rod/
treeview.html). (B) Alignment of the deduced actin signature sequences. The asterisks (*) on top of the alignment indicate the identical amino acids of
ArpM1 with other conventional actins. (C) The predicted three-dimensional structures of ArpM1 and b-actin. Colored regions represent four quasi-
subdomains: subdomain 1 (yellow), 2 (green), 3 (red), and 4 (blue).
Fig. 2. Tissue distribution of ArpM1. (A) Northern blot analysis of total RNA from various tissues. (B) Western blot analysis of crude protein
extracts. The 39-kDa band (asterisk) is considered as non-speciﬁc binding of this antibody. (C) Northern blot analysis of testes from 10- to 28-day-old
mice and adult (60-day-old) mice. (D) Immunohistochemical analysis of testis sections. The sections were stained with anti-ArpM1 antibody (red)
and DAPI (blue) (bar = 50 lm).
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most likely corresponds to heterochromatic regions (Fig. 3C-
b). Although the signals did not overlap, the peripheral distri-
butions of ArpM1 in round and elongating spermatid nuclei
were similar to those of lamin A/C (Fig. 3B-e, f). Unlike
ArpM1, the lamin A/C signals disappeared at a later stage of
spermiogenesis, in agreement with a previous report (Fig.
3B-g, h) [3]. Costaining with sp56, a component of the acroso-
mal matrix [14], showed that ArpM1 was adjacent to, but did
not overlap, sp56-positive proacrosomal vesicles (Fig. 3B-i–l).
Localization of b-actin in testicular cells was also examined
using Acr3-EGFP transgenic mice [C57BL/6-Tg (CAG/Acr-
EGFP) C3-N01-FJ002Osb] that accumulate EGFP in the
proacrosomal granules and acrosomes of developing sperma-tids [15]. Unlike ArpM1, b-actin was located on the outside
of the EGFP positive proacrosomal granules in round and
elongating spermatids (Fig. 3B-m, n), or overlapped with the
acrosomes of elongated spermatids (Fig. 3B-o). In the sperm,
the signal disappeared completely (Fig. 3B-p). These data re-
vealed that the ArpM1 changes its localization from the
peripheral region to inside the nucleus during diﬀerentiation
from round to elongated spermatid. After spermatid matura-
tion, ArpM1 exists in the posterior region of the sperm head,
most likely in the perinuclear theca. Importantly, its localiza-
tion pattern was clearly distinct from that of b-actin.
To identify proteins interacting with ArpM1 in testicular
cells, an ArpM1-containing complex was immunoprecipitated
from testicular cytoplasmic (Fig. S1) and nuclear fractions
Fig. 3. Subcellular localization of ArpM1 in testis. (A) Western blot analysis of nuclear and cytoplasmic fractions from mouse testis. As controls,
the samples were also reacted with antibodies against histone H2B (H2B) and cytoplasmic poly(A) polymerase, TPAP. (B) Immunohistochemical
analysis of round, elongating, and elongated spermatids, and testicular sperm. Panels a–d show the images of ArpM1 (red) and DAPI (blue). The
sections were costained with anti-ArpM1 (red) and anti-sp56 (green) antibodies (panels e–h), and anti-lamin A/C (green) antibodies (panels i–l).
The sections of Acr3-EGFP transgenic mouse testes were costained with anti-b-actin (red) and anti-GFP (green) antibodies (panels m–p)
(bar = 5 lm). (C) Three-dimensional reconstructions of round (panel a) and elongated spermatids (panel b) stained by anti-ArpM1 (ArpM1,
green) and DAPI (DNA, red). Panels a and b show one of the original optical sections scanned using confocal microscopy. Panels a 0 and b 0 show
virtual sections cutting though the transverse plane (green line). Panels a00 and b00 show virtual sections perpendicular to the other two planes (red
line) (bar = 5 lm).
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the cytoplasmic fraction (Fig. S1), only a 14-kDa protein was
found in the nuclear fraction. Mass spectrometry analysis iden-
tiﬁed this protein as proﬁlin III, an actin-binding protein that
is expressed speciﬁcally in the testis [16,17]. The existence of
proﬁlin III was further conﬁrmed by Western blot analysis
using an anti-proﬁlin III antibody (Fig. 4B).
Immunohistochemical analysis in spermatids revealed that
the nuclear distribution of proﬁlin III was similar to that of
ArpM1 (Fig. 5A). Western blot analysis of nuclear and cyto-
plasmic fractions from the puriﬁed spermatogenic cells demon-strated that proﬁlin III was present in both the cytoplasm and
nucleus of round and elongated spermatids as well as ArpM1,
although b-actin was present only in the cytoplasm at all sper-
matid stages (Fig. 5B). To verify the speciﬁcity of ArpM1
interaction with proﬁlin III, GST pull-down assay was per-
formed (Fig. 5C). b-Actin bound to both proﬁlin I, a ubiqui-
tously expressed actin-binding protein [18], and proﬁlin III,
whereas ArpM1 bound only to proﬁlin III, but not to proﬁlin
I. These data indicated that proﬁlin III is colocalized with
ArpM1 in haploid cells in vivo, and also that proﬁlin III and
ArpM1 form a speciﬁc protein complex.
Fig. 4. Identiﬁcation of proteins in ArpM1 complex. (A) Silver
staining pattern of ArpM1 immunoprecipitants from testis nuclear
fraction. Rabbit IgG was used as a control immunoprecipitation.
Bands speciﬁc to the ArpM1 complexes were subjected to mass
spectrometry analysis. Asterisks indicate non-speciﬁc bands also
detected in the control immunoprecipitation. (B) Western blot analysis
of the precipitants using anti-ArpM1 or anti-proﬁlin III (pfn III)
antibody.
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III–ArpM1 complex can interact with chromatin. Nuclear
proteins were extracted from testicular cells by the treatment
with increasing concentrations of salt in the buﬀers, and sub-
jected to Western blot analysis (Fig. 5D). As expected, his-
tone H2B [19] and tsHMG [20], which can bind to DNA
directly, were predominantly detected in high-salt extractions,
e.g., 1 M or 2 M NaCl. However, both ArpM1 and proﬁlin
III signals were detected even in the low-salt concentrations,
suggesting that the proﬁlin III–ArpM1 complex could not
bind strongly to DNA, compared with known DNA-binding
proteins.4. Discussion
4.1. Localization of ArpM1 complex
In this study, we investigated the subcellular localization of
the ArpM1 complex during spermiogenesis, and compared it
with that of b-actin. Although the molecular structure of
ArpM1 closely resembled b-actin, their localization and com-
plex components were quite diﬀerent. b-Actin was speciﬁcally
localized in the cytoplasm in testicular germ cells and able to
interact with both proﬁlin I and proﬁlin III. In contrast,
ArpM1 can form a speciﬁc complex with proﬁlin III, and the
complex is present in the nucleus from round to elongated
spermatid. Moreover, its distribution is dynamically changedfollowing the maturation of spermatids (Fig. S2). These data
suggest that two types of proﬁlin–actin (Arp) complexes are
present in the spermatids, i.e., ubiquitously expressed proﬁlin
I–b-actin complex is present only in the cytoplasm, and tes-
tis-speciﬁc proﬁlin III–ArpM1 complex is present in the nu-
cleus.
In addition to the nuclear localization, subcellular fractiona-
tions of testicular cells indicated that some of the ArpM1 is
also present in the cytoplasm (Figs. 3A and 5B). Moreover,
the cytoplasmic ArpM1 can form multiprotein complexes
including proﬁlin III (Fig. S1), implying some roles of ArpM1
in the cytoplasm. In fact, because some of the coprecipitated
proteins, such as valosin-containing protein (p97) and p97/
p47 interacting protein are known to as Golgi apparatus and
endoplasmic reticulum (ER)-localized proteins [21,22], the
cytoplasmic ArpM1 may contribute to acrosome biogenesis
by regulating Golgi apparatus and ER reorganization in devel-
oping spermatids.
In testicular sperm, ArpM1 is localized at the posterior re-
gion of the sperm head (Fig. 3B). This staining pattern is sim-
ilar to those of the perinuclear theca: a sperm-speciﬁc
perinuclear cytoskeletal structure [23]. Indeed, one of the tes-
tis-speciﬁc Arps, ArpT1, has been reported to localize in this
structure in bull sperm [10]. Thus, it is possible that ArpM1
is also present in the perinuclear theca in mouse testicular
sperm. To clarify the roles of Arps in mature sperm their local-
izations need to be analyzed at ultrastructural level.4.2. Putative functions of proﬁlin III–ArpM1 complex in nucleus
During spermiogenesis, spermatid chromatin becomes
highly condensed through the transition of the nuclear com-
ponent from the somatic histone to protamine and the global
epigenetic changes, such as histone and DNA modiﬁcations
[1,2,24,25]. As a result, spermatid DNA becomes transcrip-
tionally inactive and never replicates until fertilization. Re-
cent studies have reported that several chromatin
remodeling complexes contain nuclear-localized Arps in so-
matic cells [4,5]. In our study, ArpM1 is localized speciﬁcally
in the spermatid nucleus where the chromatin structure is
dramatically changed, suggesting the possibility that ArpM1
is involved in this spermiogenesis-speciﬁc chromatin regula-
tion. However, immunoprecipitation assays indicated that
no DNA-binding proteins and transcriptional factors could
be coprecipitated (Fig. 4A). In addition, Fig. 5D indicated
that chromatin binding aﬃnity of ArpM1 is apparently lower
than the DNA-binding proteins—histone H2B and tsHMG.
Moreover, ArpM1 does not contain remarkable DNA-bind-
ing sequences in its structure. Therefore, ArpM1 may be un-
likely to aﬀect the chromatin structure by the formation of a
chromatin remodeling complex or direct interaction with
chromatin. Instead of acting as the chromatin remodeling
complex, ArpM1 may be involved in the nucleoskeleton.
Nuclear actin is thought to be one of the major molecules
in the nucleoskeleton, which plays an architectural role in
the nucleus by forming higher order chromatin structures
and is often referred to as the nuclear matrix or scaﬀold
[26]. Therefore, nuclear ArpM1 may have an architectural
role in organization of the sperm-speciﬁc nucleoskeleton dur-
ing spermiogenesis. To elucidate these possibilities, functional
analysis using ArpM1 knock-out mice is likely to be informa-
tive.
Fig. 5. Colocalization and interaction of ArpM1 and proﬁlin III. (A) Immunohistochemical analysis of haploid germ cells with anti-proﬁlin III (pfn
III; panels a–d, green) or anti-ArpM1 (panels e–h, green) antibody. Nuclei are pseudocolored in red (bar = 5 lm). (B) Western blot analysis of
subcellular fractions from each stages of testicular germ cells. P, Pachytene spermatocytes; R, round spermatids; E, elongating spermatids. (C) GST
pull-down assays of ArpM1 and proﬁlin III. 35S-labeled ArpM1 and b-actin proteins were reacted with GST fused proﬁlin I (pfn I) and proﬁlin III
proteins. The relative amounts of the GST fused proteins used are shown with Coomassie staining (bottom panel). (D) Western blot analysis of salt
extractions. The protein samples were extracted from the puriﬁed nuclei of testicular cells using buﬀer containing 0.15, 0.5, 1, and 2 M NaCl.
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